Abstract We investigate the importance of electron scattering by magnetosonic waves in the Earth's inner magnetosphere. A statistical survey of the magnetosonic wave amplitude and wave frequency spectrum, as a function of geomagnetic activity, is performed using the Van Allen Probes wave measurements and is found to be generally consistent with the wave distribution obtained from previous spacecraft missions. Outside the plasmapause the statistical frequency distribution of magnetosonic waves follows the variation of the lower hybrid resonance frequency, but this trend is not observed inside the plasmasphere. Drift and bounce averaged electron diffusion rates due to magnetosonic waves are calculated using a recently developed analytical formula. The resulting timescale of electron energization during disturbed conditions (when AE* > 300 nT) is more than 10 days. We perform a 2-D simulation of the electron phase space density evolution due to magnetosonic wave scattering during disturbed conditions. Outside the plasmapause, the waves accelerate electrons with pitch angles between 50°and 70°and form butterfly pitch angle distributions at energies from~100 keV to a few MeV over a timescale of several days; whereas inside the plasmapause, the electron acceleration is very weak. Our study suggests that intense magnetosonic waves may cause the butterfly distribution of radiation belt electrons especially outside the plasmapause, but electron acceleration due to magnetosonic waves is generally not as effective as chorus wave acceleration.
Introduction
Fast magnetosonic waves are highly oblique whistler-mode electromagnetic emissions generated in the frequency range between the local proton gyrofrequency (f cp ) and the lower hybrid resonance frequency (f LHR ) [e.g., Perraut et al., 1982; Laakso et al., 1990; Santolík et al., 2002] and are primarily observed by spacecraft within 5°of the Earth's magnetic equator [Russell and Holzer, 1970; Němec et al., 2005 Němec et al., , 2006 Pokhotelov et al., 2008; Santolík et al., 2004] . The waves occur over a broad spatial region between 2 R E and 8 R E both inside and outside the plasmapause, with highest wave intensities observed near the dayside during geomagnetically disturbed conditions [Meredith et al., 2008; Ma et al., 2013; Němec et al., 2015] . Ion ring distributions provide free energy for the local excitation of magnetosonic waves when the ion ring energy is close to the local Alfven energy and typically occur over a broad region outside the plasmapause and near the outer edge of the plasmasphere [Chen et al., 2010; Jordanova et al., 2012; Ma et al., 2014a] . The injected ion populations may account for the excitation of magnetosonic waves especially on the dayside outside the plasmapause [Boardsen et al., 1992; Chen et al., 2011; Thomsen et al., 2011; Xiao et al., 2013] , and the excited waves then propagate in both radial and azimuthal directions [e.g., Xiao et al., 2012] . Magnetosonic waves propagate nearly perpendicularly to the background magnetic field near the equatorial plane [Kasahara et al., 1994; Chen and Thorne, 2012] , and the waves inside the plasmapause may become naturally trapped within the plasmasphere [Ma et al., 2014b] .
The energetic electron populations in the Earth's outer radiation belt can experience diffusive scattering by various plasma waves [Kennel and Engelmann, 1966; Lyons, 1974a Lyons, , 1974b . Two important magnetospheric waves that cause local electron acceleration in the radiation belts are whistler-mode chorus and magnetosonic waves [Thorne, 2010] . The Van Allen Probes observations and their related simulation studies have confirmed that whistler-mode chorus waves provide sufficient local heating of energetic electrons in the heart of radiation belts during geomagnetic storm periods [Reeves et al., 2013; Thorne et al., 2013; Foster et al., 2014; Li et al., 2014b] . On the other hand, intense magnetosonic wave events are observed by the spacecraft in the inner magnetosphere and could have a potential role in electron acceleration via Landau resonance and transit-time scattering effects [Horne et al., 2007; Bortnik and Thorne, 2010; Li et al., 2014a] . During Landau resonant
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interactions, the electrons experience a nearly constant parallel electric field in the moving frame. Interactions with the magnetosonic wave mainly cause the acceleration of electrons in the parallel direction with respect to the background magnetic field. Bortnik and Thorne [2010] also found that electrons typically experience only a fraction of the magnetosonic wavelength during their bounce motion across the equatorial plane. The wave electric fields perpendicular to the background magnetic field in the frame of the moving electrons cause additional scattering due to a transit-time effect. Both quasi-linear theory calculations [Horne et al., 2007] and test-particle simulations [Bortnik and Thorne, 2010; Li et al., 2014a] indicate that the timescale of electron acceleration due to an intense magnetosonic wave event with an amplitude of~218 pT observed by Cluster is about 1 day. However, the relative role of equatorial magnetosonic waves (compared to chorus) in electron scattering is an important unresolved question in the Earth's radiation belt dynamics.
A detailed evaluation of electron scattering due to typical magnetosonic waves at different locations and under different conditions is required to determine whether magnetosonic waves need to be included in radiation belt simulations. The Van Allen Probes have nearly equatorial orbits and provide an excellent opportunity to compile statistics of the magnetosonic wave amplitude distribution and the wave frequency spectrum. Mourenas et al. [2013] have provided analytical formulae to calculate the Landau scattering of electrons due to magnetosonic waves without the inclusion of transit-time scattering and evaluated the potential importance of magnetosonic waves on electron energization compared with chorus waves and on the pitch angle scattering compared with plasmaspheric hiss. Bortnik et al. [2015] have developed analytical formulae to calculate the electron diffusion coefficients due to equatorial magnetosonic wave scattering, providing an efficient tool to accurately estimate both Landau resonance and transit-time effects. The analytical formulae have been proven to capture most of the wave scattering features predicted by test-particle simulations. The statistical wave distribution and the analytical formulae of diffusion coefficients can be used to estimate the global wave scattering rates and obtain an understanding of the averaged effects of magnetosonic waves under typical conditions. This paper is organized as the following: in section 2, we present the global distributions of equatorial magnetosonic wave amplitudes and wave frequency spectra using recent Van Allen probes observations; the electron scattering effects due to typical magnetosonic waves are analyzed in section 3; and we summarize our results and discuss the potential roles of magnetosonic waves in section 4.
Van Allen Probes Statistics of Magnetosonic Waves
The Van Allen Probes were launched into near-equatorial orbits with a perigee of~1.1 R E and an apogee of 5.9 R E on 30 August 2012 [Mauk et al., 2012] . The twin probes (Probe A and B) are equipped with highresolution wave and particle instruments and provide excellent plasma wave measurements in the inner magnetosphere. The magnetometer and the Waves instrument of the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) [Kletzing et al., 2013] provide measurements of the background magnetic field and the wave electric and magnetic fields, respectively. The waveform receiver (WFR) of the Waves instrument measures wave power spectral density from about 10 Hz to 12 kHz for all three components of both electric and magnetic fields. The WFR also provides wave polarization properties including wave normal angle and ellipticity, calculated using the Singular Value Decomposition method [Santolík et al., 2003] . The high-frequency receiver (HFR) of the Waves instrument measures the electric field spectral density from 10 kHz to 400 kHz [Kletzing et al., 2013] , which covers most of the upper hybrid resonance frequency (f UHR ) range in the inner magnetosphere and can be used to infer the total electron density and identify the plasmapause location [Kurth et al., 2015] . Figure 1a ) briefly increased to~400 nT at around 0120 UT, then diminished for 8 h and then increased again and remained high (between 300 and 600 nT) from 1000 UT to 1700 UT. Electrostatic electron cyclotron harmonic (ECH) waves are clearly observed at frequencies between f ce (the solid white line) and f UHR outside the plasmapause (Figure 1b) . The intensity of ECH waves can be used to identify whether the spacecraft is in the plasmasphere or in the plasmatrough region [e.g., Meredith et al., 2004] . The plasmapause indicator (pp) is shown in Figure 1c with 1 denoting that the spacecraft is outside the plasmapause and 0 denoting that it is inside the plasmapause. Equatorial magnetosonic waves are observed between the proton gyrofrequency f cp (long-dashed black line in Figure 1d ELECTRON SCATTERING BY MS WAVES Figure 1d ). In Figure 1d , magnetosonic waves with magnetic intensities higher than 10 À6 nT 2 /Hz are observed between 20 and 150 Hz from 0230 UT to 0500 UT, between 20 and 60 Hz from 1230 UT to 1730 UT, and between 120 Hz and 220 Hz from 1730 UT to 1800 UT. Magnetosonic waves are identified as the highly oblique, nearly linearly polarized electromagnetic emissions. To clearly identify magnetosonic wave activity, we require the absolute value of the wave ellipticity ( Figure 1e ) to be lower than 0.2, and the wave normal angle (Figure 1f ) to be higher than 80°. Using these criteria, the magnetosonic waves are automatically selected among other plasma waves that may coexist in the same frequency band (e.g., hiss emissions) in the wave power spectrogram. The magnetosonic wave amplitude is obtained by integrating over the selected magnetosonic wave magnetic power intensities.
We have surveyed the magnetosonic wave intensities from 20 Hz to 4 kHz using the Van Allen Probes WFR data set from October 2012 to April 2015. Figure 2 presents the global distribution of root-mean-square (RMS) averaged magnetosonic wave amplitudes between 2 R E and 6 R E , categorized by different AE* conditions, latitudinal ranges, and whether the waves are observed inside or outside the plasmapause. Here AE* is the maximum AE value in the preceding 3 h. The sample numbers (N s ) on each right bottom global dial show that the 31 month survey provides sufficient data coverage to obtain good wave statistics. The white area represents the bins with N s less than 100 counts, which we subsequently exclude from our analysis. [Mourenas et al., 2013; Němec et al., 2015] . Both the Van Allen Probes survey and the previous statistics show that the strongest magnetosonic waves are observed between 3 R E and 5 R E , on the dayside, outside the plasmapause, near the equator, and during disturbed conditions. During quiet geomagnetic periods, the peak wave amplitude is around 40 pT near the dayside and outside the plasmapause, which is consistent with the Cluster statistical result by Mourenas et al. [2013] . When AE* is higher than 300 nT, the RMS averaged wave amplitude outside the plasmapause is between 50 and 100 pT on the dayside and around 20 pT on the nightside, and the RMS averaged wave amplitude inside the plasmapause peaks around 50 pT near the duskside and is mostly around 20 pT in other MLT sectors. The recent Cluster statistics by Němec et al. [2015] have shown similar features in their variation with geomagnetic activity and the wave MLT distributions both inside and outside the plasmapause. The Van Allen Probes provide extensive spatial data coverage at L < 6 especially near the equator or inside the plasmapause, where previous satellite data coverage was limited [e.g., Meredith et al., 2008; Ma et al., 2013] . We also note that a broader range of geomagnetic conditions was sampled by the Van Allen probes. For instance, more intense magnetosonic wave events are observed by the Van Allen Probes especially when AE* > 300 nT than the previous THEMIS survey [Ma et al., 2013] which was obtained during a relatively quiet period. 
The global distribution of RMS wave amplitude B w for 2 < L < 6. The wave intensity is categorized by magnetic latitude and AE* and shown for locations (a-f) inside and (g-l) outside the plasmapause. The sample number (N s ) is shown in smaller plots at the right bottom corner of each panel. White area represents the region where N s is less than 100.
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We use the WFR data from the Van Allen Probes statistics to obtain the statistical magnetosonic wave frequency spectra. Figure 3 presents a survey of the time-averaged magnetosonic wave intensity distribution as a function of L shell and wave frequency, categorized by whether it is observed inside or outside the plasmapause and further divided into different magnetic local time (MLT) sectors with an MLT width of 6 h. The white solid lines in each panel denote the lines of f LHR (above) and f cp (below), which are estimated from a dipole magnetic field. Consistent with the global survey of wave amplitude distributions, the most intense magnetosonic waves are located near the noon sector, between 3 R E and 5 R E , outside the plasmapause, with a peak wave frequency (the black solid line) between 30 Hz and 100 Hz. The wave frequency from the statistical survey follows the variation of f LHR and f cp outside the plasmapause, while this trend is not clear inside the plasmapause. This feature is consistent with the frequency features of the observed individual wave events and explained as a combined effect of wave local excitation and perpendicular propagation [e.g., Ma et al., 2014a Ma et al., , 2014b . We normalize the wave intensity spectra and perform a Gaussian fitting of the wave frequency spectra at different locations to obtain the wave frequency information and combine the results with the wave amplitude distributions in Figure 2 to calculate the general scattering rates due to magnetosonic waves. 
Electron Scattering Due to Statistical Magnetosonic Waves
The magnetosonic waves are spatially localized near the geomagnetic equator within~2°-3°in latitude consistent with previous observations [e.g., Němec et al., 2005 Němec et al., , 2006 Pokhotelov et al., 2008; Santolík et al., 2004] . Bortnik et al. [2015] have simplified the motions of electrons streaming through the magnetosonic waves using several reasonable assumptions: (1) the wave magnetic field B w is confined to regions near the geomagnetic equator, with a latitudinal scale width λ w and described by a Gaussian distribution B w = B w,0 exp(Àλ 2 /λ w 2 );
(2) higher harmonic resonances with harmonic number |N| ≥ 1 are ignored, because generally the first-order cyclotron resonance requires a resonance energy higher than~10 MeV; and (3) adiabatic variations of the particle's motion are ignored because the interactions occur only in the vicinity of the magnetic equator, which requires that the initial pitch angle of the electrons should be less than~80°. The analytical formula includes both Landau resonance and transient-time scattering effects and is an accurate estimate for the full test-particle calculations . Full test-particle calculation and the analytical formula are consistent with the quasi-linear theory calculations near the Landau resonance regime, and they also evaluate the scattering rates at pitch angles and energies away from the Landau resonance regime which are dominated by the transit-time effects and would be absent in the quasi-linear paradigm . The calculation of the diffusion coefficients using the analytical formula has been proven to be both computationally efficient and accurate in capturing the important scattering features of equatorial magnetosonic waves. Figure 4. The drift and bounce averaged energy diffusion coefficients due to magnetosonic waves as a function of pitch angle and energy during disturbed conditions (AE* > 300 nT) inside and outside the plasmapause from L = 3 to L = 6.
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We use the analytical formula and the Van Allen Probes statistics to evaluate the general scattering effects of magnetosonic waves at different locations and under different conditions. The wave normal angle (ψ) distribution is assumed to be Gaussian in X = tan ψ with a peak at 89°and a width X w = tan 86°, following Horne et al. [2007] . Consistent with Bortnik et al. [2015] , the wave latitudinal scale width is assumed to be 2°from the equator. The background magnetic field is approximated as a dipole magnetic field, and we use Sheeley's density models in the plasmasphere and the plasmatrough [Sheeley et al., 2001 ] to estimate the total electron densities. The diffusion coefficients are then averaged over the bounce period and along the drift path over different MLT sectors.
Figure 4 presents the energy diffusion coefficients at different L shells calculated under disturbed conditions (when AE* > 300 nT) both inside and outside the plasmapause. Previous studies have found that the magnetosonic waves mainly cause electron acceleration, and the energy diffusion coefficients can be used to estimate the timescale of electron energization. The peak profile of the diffusion coefficient indicates the trend of Landau resonance, and the transit-time effect causes the additional scattering over a much broader pitch angle and energy range.
The energization of electrons due to magnetosonic waves is most efficient outside the plasmapause during disturbed conditions. Inside the plasmapause, the RMS averaged wave amplitudes are weaker, and the scattering occurs over a much narrower pitch angle range than outside the plasmapause. In general, as L shell increases, the ratio of plasma frequency to the electron gyrofrequency (f pe /f ce ) increases, the magnetosonic waves cause electron scattering at higher (and over narrower) pitch angle ranges and lower energy ranges. Electrons over the pitch angle range of 50°to 80°and energy range of 10 keV to several MeV may be accelerated via Landau resonance. The highest-energy diffusion coefficient corresponds to an acceleration timescale of more than 10 days, which is considerably slower than the electron energization by whistlermode chorus waves under similar conditions on a timescale of several hours to~1 day [e.g., Summers et al., 2002; Horne et al., 2005; Thorne et al., 2013] . Similarly, Mourenas et al. [2013] have shown that the energy diffusion by magnetosonic waves is generally weaker than diffusion by chorus waves during quiet geomagnetic periods. The electron scattering by magnetosonic waves is sensitive to the wave normal angle distribution as shown by Mourenas et al. [2013] . However, the magnetosonic wave normal is highly oblique, and the exact wave normal angle distribution is not accurately known yet from satellite observations or ray tracing models. Figure 5 shows the simulation of electron scattering due to magnetosonic waves at L = 4 during disturbed conditions (AE* > 300 nT). The drift and bounce averaged pitch angle, momentum, and mixed pitch anglemomentum diffusion coefficients (Dαα, Dpp, and Dαp) are shown in Figures 5a-5c . The RMS statistical wave amplitudes are~60 pT on the dayside and~25 pT on the nightside, and the wave peak frequency is~40 Hz. Because Landau resonance causes electron acceleration along the v || direction, an increase in electron energy corresponds to a decrease in electron pitch angle, and Dαp is mainly negative. Because the adiabatic variation of the particle is ignored within 2°near the equator, the electron pitch angle should be less than 83.3°( the white dashed lines in Figures 5a-5c ) for a maximum error of 20% in the rate of phase angle accumulation [e.g., see Bortnik et al., 2015, equation (20) ]. The pitch angle diffusion coefficients are less than 10 À9 s À1 (timescale of >30 years) at pitch angles less than~25°at different energies. Therefore, the magnetosonic waves do not cause significant electron precipitation into the Earth's upper atmosphere.
We simulate the evolution of electron phase space density f by numerically solving the 2-D Fokker-Planck equation using the Alternative Directional Implicit method [Xiao et al., 2009] . The lower and higher-energy boundary conditions are set as constant at energies of 10 keV and 10 MeV, respectively. f(α ≤ α LC ) = 0 is assumed at different energies to simulate an empty loss cone, where α is the electron pitch angle and α LC is the bounce loss cone. At the higher-pitch angle boundary, we assume that
For simplicity, the initial PSD distribution of the electrons is modeled using a kappa distribution with the kappa index κ = 6 following the study by Xiao et al. [2008] :
where p is the electron momentum normalized by m e c, m e is the electron mass, c is the light speed, and θ is the effective thermal parameter scaled by the electron rest mass and is set as θ 2 = 0.15. The PSD values are normalized and do not contain units.
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Figures 5d-5g present the results of a 4 day simulation of the electron pitch angle distribution from~150 keV to~1.5 MeV. The scattering effects of magnetosonic waves are small over a timescale of several hours. However, after 1 day, the electron PSD at pitch angles between 50°and 70°increases and the PSD at higher pitch angles decreases, forming a noticeable butterfly distribution at energies of hundreds of keV. The simulation demonstrates that intense magnetosonic waves may be an important factor for the formation of the observed butterfly distribution of energetic electrons in the absence of other scattering waves. A careful examination on the electron evolution shows that the electron PSD increase occurs earlier at higher pitch angles, and the particles are subsequently scattered from higher pitch angles and lower energies toward lower pitch angles and higher energies. The PSD evolution property is consistent with the scenario of electron acceleration by Landau resonance, which mainly increases the parallel velocity of the electron in its moving frame.
We perform a similar simulation of the electron evolution at L = 3.5 inside the plasmapause as shown in Figure 6 . The wave amplitude is~50 pT on the duskside and~20 pT for other MLT sectors, and the wave peak frequency is~40 Hz. The diffusion coefficients (Dαα, Dpp, and Dαp) in Figures 6a-6c demonstrate that the electron scattering rates are limited within narrower and higher-pitch angle ranges, although the peak diffusion rates are higher than the scattering outside the plasmapause. The major energy band of effective Landau resonance is slightly lower than the energy band outside the plasmapause and is also within the energy range of 10 keV-1 MeV. The MA ET AL. ELECTRON SCATTERING BY MS WAVESpitch angle scattering rates become extremely weak at pitch angles below~30°, indicating that magnetosonic waves do not cause precipitation loss of energetic electrons inside the plasmasphere. However, the presence of other wave modes (e.g., plasmaspheric hiss) can reduce the lifetime of energetic electrons and cause more efficient electron precipitation losses [e.g., Meredith et al., 2009; Mourenas et al., 2013] .
Figures 6d-6g present the electron PSD distribution evolution in the same format as Figures 5d-5g . Compared with the results outside the plasmapause, the electrons are only slightly scattered over a timescale of 4 days, and the electron PSD at~70°increases slightly after 4 days. This suggests that these statistically averaged magnetosonic waves cannot effectively energize electrons inside the plasmasphere on the timescale of~1 day. However, extremely strong magnetosonic waves with wave amplitudes of~1 nT may occasionally lead to the rapid formation of butterfly distribution of electrons [Xiao et al., 2015] .
Conclusions and Discussions
Using the Van Allen Probes wave statistics and the analytical formula for the diffusion coefficients, we have analyzed the typical electron scattering rates due to magnetosonic waves under different conditions in the Earth's inner magnetosphere. The global distributions of magnetosonic wave amplitudes and frequency spectra have been obtained from a recent 31 month period of Van Allen Probes wave data. Analytical formulae for electron scattering have been employed to provide an efficient and numerically accurate means to evaluate the scattering rates due to Landau resonance and transit-time effects of magnetosonic waves. The diffusion coefficients of magnetosonic waves at different locations and under different conditions are calculated, and simulations of the electron PSD evolution during the interactions with magnetosonic waves are performed outside and inside the plasmapause separately. Our principal results are summarized as follows.1. The global distribution of magnetosonic waves based on the Van Allen Probes survey generally shows similar characteristics to previous studies but with stronger wave intensities particularly during active geomagnetic conditions (AE* > 300 nT).2. The wave frequency spectrum statistics present different properties outside and inside the plasmapause, and the wave frequency spectra more closely follow the radial variation of f LHR outside the plasmapause than inside.3. During disturbed conditions, the magnetosonic waves outside the plasmasphere can cause significant electron acceleration from~100 keV to a few MeV over a timescale of several days.4. The RMS averaged magnetosonic waves may be responsible for forming butterfly distributions of the energetic electrons outside the plasmapause over a timescale of several days.5. The electrons are mainly accelerated via Landau resonance, therefore, the lower energy and higher-pitch angle electron populations are scattered into a regime with higher energy and lower pitch angle.6. In general, the electron acceleration due to magnetosonic wave is less efficient than the electron heating by whistler-mode chorus wave events.
Our simulations show that the intense magnetosonic waves may potentially account for the formation of butterfly distributions of hundreds keV electrons, which are occasionally observed in the inner magnetosphere [Zhao et al., 2014; Artemyev et al., 2015] . Although magnetopause shadowing and nightside magnetic field deformation [Artemyev et al., 2015] can lead to the formation of electron butterfly distributions particularly at larger L shells (>~5), our study and the simulation by Xiao et al. [2015] indicate that the electron scattering by magnetosonic waves is an important mechanism for producing butterfly distributions at relatively lower L shells especially in the regions with intense magnetosonic wave activities. Extremely strong magnetosonic wave events with amplitudes of several nanoteslas have occasionally been detected [e.g., Zhou et al., 2014] . These extremely strong magnetosonic waves are expected to efficiently cause the electron acceleration and form the butterfly distribution over a short timescale of several minutes to hours [Xiao et al., 2015] . The magnetosonic waves can also scatter the electrons with high pitch angles near 90°by bounce resonance interactions [Shprits, 2009; Chen et al., 2015] . The electron diffusion coefficients due to magnetosonic waves are sensitive to various parameters (e.g., total plasma density and wave normal angle), and the pitch angle ranges of the resultant butterfly distributions are related to the event-specific background plasma condition and the wave properties. It is also worth noting that the diffusion coefficients at pitch angles between~80°a nd 90°may not be well represented by the analytical formula due to the assumptions; therefore, the lack of magnetosonic wave scattering near 90°in our simulations may not be completely accurate. Full test-particle simulations could incorporate the bounce resonance effects [Chen et al., 2015] , but this is beyond the scope of our study. Nevertheless, our study provides essential information on the relative role of statistically averaged magnetosonic waves in the Earth's radiation belts under typical geomagnetic conditions.
